ABSTRACT: Deep scattering layers (DSLs) play an important role in pelagic food webs, serving as a vehicle for transferring energy between productive surface waters and the deep sea. We explored the spatial dynamics of DSLs off the Bahamas in shaping oligotrophic ecosystems. We compared 2 areas known to be important foraging habitats for a deep-diving predator, Blainville's beaked whales: the Tongue of the Ocean (TOTO), an oceanographically isolated habitat, and the waters off Abaco Island, an oceanographically connected habitat. Using ship-based multifrequency echosounders and direct net sampling, we identified common layer structures characterized by diffuse, broad layers (>100 m in thickness) observed across the study areas. Within those diffuse layers, we occasionally observed distinctively bounded intense layers (~20 m in thickness) located at the upper edges of the DSLs. We found that spatial variability of layer structures shaped the Bahamian ecosystem. By comparing common layer types across the sampling locations, 2 potential mechanisms were identified. The area off Abaco Island was characterized by diffuse layers comprised of larger animals with greater migration distance and biomass than the habitat in TOTO, suggesting that Abaco may transfer more energy between energy-rich surface waters and the deep sea. Within TOTO, habitat most frequently used by beaked whales was characterized by the highest occurrence of intense layers dominated by thinner layers, suggesting such fine-scale structures may increase foraging efficiency by layer predators. Spatial variability of the DSL structures reveals the dynamics of the Bahamian mesopelagic ecosystem, potentially driving the beaked whales through bottom-up control of their prey.
INTRODUCTION
Energy transfer through food webs is a fundamental ecosystem function, affecting community structure (Paine 1966 , Pace et al. 1999 , productivity and nutrient cycling (Post 2002 , Duffy et al. 2005 , and ultimately affecting reproductive success of the higher trophic levels including commercially important fish species (Pauly & Christensen 1995 , Ware & Thomson 2005 and marine mammals (Moline et al. 2004) . Organisms comprising the deep scattering layers (DSLs) serve as a vehicle for the transfer of energy between trophic levels (Polis et al. 1997 ).
Repeated, diel vertical movements of these layers serve as a vector connecting productive surface waters and deep waters (e.g. Longhurst 1976 ). Because zooplankton and micronekton that comprise the DSLs reside at depth during daytime, they serve as important prey resources for animals inhabiting deep waters. Combined with fluid advection, DSL movements can acquire a horizontal component that connects different habitats (Wroblewski 1982 , Boehlert & Mundy 1988 and even maintains populations at remotely located ecosystems such as seamounts (Rogers 1994) . Because DSLs are a critical link in pelagic food webs, resolving their structure and dynamics is important to quantify the magnitude of habitat coupling and to assess their role in shaping ecosystems.
DSLs are a ubiquitous feature of the worlds' oceans including oligotrophic waters (Hazen & Johnston 2010 , Irigoien et al. 2014 , Ariza et al. 2016 and are recognized as one of the key characteristics of whale foraging regions (Hazen et al. 2011 , Abecassis et al. 2015 . Oligotrophic ecosystems are characterized by high turnover rates and low biomass of phytoplankton, resulting in low carbon flux from the upper mixed layer due to sinking particles (Legendre & Le Fevre 1991 , Agawin et al. 2000 , Marañón et al. 2001 ). In such ecosystems where direct, carbon-flux pathways are limited, the role of DSLs is likely more significant than in other ecosystems in mediating energy in the form that can be utilized by higher trophic level organisms. Despite their importance, our understanding of DSL dynamics in oligotrophic ecosystems is limited to simple metrics such as layer depth, intensity, and total biomass. Although shipbased active acoustic surveys provide high spatial resolution, commonly used data processing methods that integrate or average acoustic backscatter over the water column have limited fine-scale characterizations of the DSLs.
Fine-scale variability in biological aggregations plays an important role in driving ecosystem functions in the ocean. Heterogeneity of planktonic organisms affects the distributions of their predators such as zooplanktivorous fishes and seabirds (Kotliar & Wiens 1990 , Polis et al. 1997 . Such spatial coupling does not only occur between predators and prey, but is also observed across the food web. Aggregations of top predators, including large predatory fish, seabirds, and marine mammals, are commonly observed at regions of enhanced primary and secondary productivity (Young et al. 2001 , Seki et al. 2002 , Bost et al. 2009 ). Spatial overlap between lower trophic organisms and top predators, without direct linkages of predator−prey interactions, suggests that the top predators may be able to identify locations of significant variability in biological aggregations.
We predict that fine-scale variability in DSLs drives top predator distributions in oligotrophic ecosystems via their role of energy transport between more productive surface waters and the deep sea. We examined the spatial variability of DSL dynamics off the Bahamas, where the DSLs are located at depth during daytime and exhibit diel vertical migration toward shallower depths at night. We compared 2 areas known to be important foraging habitats for one group of deep-diving top predators, beaked whales. Tongue of the Ocean (TOTO) is an important habitat for Blainville's beaked whales Mesoplodon densirostris (McCarthy et al. 2011 , Tyack et al. 2011 . Detailed habitat usage by beaked whales within TOTO has been historically monitored using combinations of cabled hydrophones and visual observations. These observations have identified significant and persistent spatial variability in preferred foraging habitat within TOTO (Moretti et al. 2006 , McCarthy et al. 2011 , Claridge 2013 . DSL characteristics in these areas of TOTO were compared with the waters off Abaco Island, a nearby region where the Blainville's beaked whales exhibit higher reproduction rates relative to their populations in TOTO (Claridge 2013). Based on long-term records of beaked whales' habitat use (McCarthy et al. 2011 , Tyack et al. 2011 , Claridge 2013 , we employed a biologically guided blocked sampling design to unravel heterogeneity in lower trophic levels, which is currently understudied off the Bahamas.
MATERIALS AND METHODS

Study site and survey design
TOTO is a deepwater basin located on the east of Andros Island in the Bahamas (Fig. 1) , with the only entrance to the basin located at the north. It is bounded on 2 sides by very shallow waters, while the maximum depths exceed 2000 m. In TOTO, beaked whales are repeatedly exposed to high levels of military activities, including sonar, which have been shown to result in rare mass strandings and likely more frequent population level reductions in fitness (Fernández et al. 2005 , Cox et al. 2006 , Claridge 2013 . Field sampling was conducted in 4 zones within TOTO based on the long-term observations of foraging behavior of Blainville's beaked whales using the Atlantic Undersea Test and Evaluation Center (AUTEC) hydrophone recordings and visual surveys (McCarthy et al. 2011 , Tyack et al. 2011 , Claridge 2013 : the West zone as a frequently used habitat, the East zone as a less-commonly used habitat within the AUTEC range, and the North and South zones as immediately adjacent areas to the AUTEC range and likely used as refuge during the navy sonar exercises (Tyack et al. 2011) . Data from these sampling zones were compared with the region approximately 144 km to the north of the range, southwest of the island of Abaco, which has been identified as a less disturbed area for beaked whale populations with a greater abundance of juveniles compared to the populations in TOTO (Claridge 2013) . Each area was sampled using eight 16-km long transects, allowing us to examine spatial variability of DSLs.
Data collection and analysis
Ship-based sampling was conducted within TOTO and off Abaco Island during July 2−14, 2015. Timing of the sampling was decided based on the long-term visual surveys, showing increased sightings of the beaked whales during the summer months (Claridge 2013) . Simultaneous measurements of multifrequency hydro-acoustics, net sampling of zooplankton and mesopelagic fish, and conductivity−temperature− depth (CTD) profiles were conducted on R/V 'Sharp' during daytime, while acoustic surveys alone were conducted at night. Daytime surveys were conducted on all transects, with 2−4 pseudo-randomly chosen transects each day to minimize the effects of time within the survey period on the results. Night surveys were conducted for 4−6 transects in each sampling zone, typically immediately following the daytime survey in the same area. Vessel speed during the acoustic surveys was 3.5−4.8 knots (1.8−2.5 m s −1 ), except at the beginning of each transect during daytime when speed was between 1.5−4.3 knots (0.8−2.2 m s −1 ) to accommodate simultaneous net sampling.
Oceanographic data
To characterize spatial variability of water properties, we collected vertical profiles of temperature and conductivity (SBE 911plus; Sea-Bird Electronics), oxygen (SBE 43; Sea-Bird Electronics), and fluorescence (WET Labs ECO FL). The profiles to a maximum depth of 600 m were taken during daytime at the start of 4 randomly chosen transects per sampling zone. CTD and oxygen data were aligned to correct for instrument lags and edited for loops before raw data were converted to variables of interest using factory calibrations. Each profile was averaged into 1 m depth bins. Physical properties of the sampling areas (Abaco vs. TOTO) were examined using a temperature−salinity (T−S) diagram. Statistical differences in integrated fluorescence values over 6−250 m between sampling areas and the 4 sampling zones within TOTO (North, West, East, and South) were tested using a Mann-Whitney U-test and a KruskalWallis test, respectively.
Acoustic data
Acoustic backscatter data were collected using Simrad EK60s operating at 38 kHz (12° split-beam), and 70, 120, and 200 kHz (7° split-beams). Transducers were deployed downward-looking at 2 m below the vessel's keel, corresponding to 5 m below the surface. Transducers were mounted as close to each other as possible in order to maximize the spatial overlap of the beams. The system ran continuously at maximum ping rate (typically 0.85−2 pings s −1 ) with a pulse duration of 1024 µs and a vertical resolution of 20 cm. All echosounders were calibrated using a standard sphere method (Demer et al. 2015) before the field survey. Because the DSLs were typically located at approximately 350−600 m depth, only data collected at 38 and 70 kHz were used in this analysis. Pre-processing. Acoustic data were pre-processed using Echoview (version 6.1; Echoview Software Pty Ltd). Data within 3 m of the transducers (shallower than 8 m depth) were removed from analyses to eliminate near-field transducer effects and to reduce backscatter from surface bubbles. The echosounderdetected bottom was visually inspected, corrected if necessary, and data within 2 m of the bottom were removed from analyses. Background noise was removed using a technique developed by De Robertis & Higginbottom (2007) with a minimum signal-tonoise ratio of 10 dB and maximum noise threshold of −125 dB re 1 m −1
. Due to the increase in background noise with depth, acoustic data analysis was limited to the upper 600 m of the water column, where the effect of background noise was minimal. An average of all CTD downcasts collected over the upper 600 m of water column was used to estimate sound speed (Mackenzie 1981) ) and target range. Based on the range of sound speed values measured, use of a constant sound speed could introduce a maximum of 9 m of error into the vertical position of scattering features at 600 m range. All data were visually inspected for anomalies such as false bottom, noise spikes, and backscatter signals likely from marine mammals, which were removed. All data were smoothed by applying 5 pings × 5 bins (corresponding to 5−15 m horizontal × 1 m vertical) running averages to account for the stochastic nature of volume backscattering amongst frequencies (Simmonds & MacLennan 2005) , then exported from Echoview to Matlab (Mathworks, R2013a) for further analysis.
Scattering layer characterization. We characterized scattering layers during both day and night surveys. We used the data collected during the period without any observable diel vertical migration behavior in the water column: daytime defined from 3 h after sunrise through 3 h before sunset, and nighttime defined from 1 h after sunset through 1 h before sunrise. Sunrise and sunset times at the study site were obtained from the US Naval Observatory (http://aa. usno. navy. mil/ data/ index.php). Each data set was further smoothed by applying 15 pings × 15 bins (corresponding to 14-44 m horizontal × 3 m vertical) running medians to remove intermittent regions of high backscatter intensity, while smoothing the edges of continuous features to facilitate layer detection. Based on 2 vertically separated scattering layer structures, we characterized surface scattering layers (SSLs) located at shallower than 300 m and DSLs located at deeper than 350 m.
We identified 2 types of layer structures based on the further smoothed data (15 pings × 15 bins running medians; Fig. 2a ). Most commonly, layers were dif fuse and broad (Fig. 2b) . Within those diffuse layers, we occasionally observed distinctively bounded intense layers located at the upper edges of DSLs (Fig. 2c ). Diffuse layers were defined by applying 100 m running medians vertically at each ping. The size of the median filter was chosen to avoid the contamination from the intense layers. Thin, intense layers, which were local maxima located within the diffuse layers, were identified after removal of the diffuse layers to avoid overestimation of the intense layers. Both diffuse and intense layers were characterized at 38 kHz because the intense layers were clearly observed at 38 kHz while the diffuse layers appeared at both 38 and 70 kHz. We used a series of criteria to identify 2 layer structures following Shroyer et al. (2014) . (1 , excluding the noise from analysis. (2) Layer peak was defined as maximum S v , exceeding the threshold of −75 dB re 1 m −1 for the diffuse layers and −60 dB re 1 m −1 for the intense layers. For the intense layers, the maximum values identified in the diffuse layerremoved data were located on the original S v (i.e. before removal of diffuse layer was applied). (3) The depth of the diffuse and intense layers was characterized by the depth of the layer peak, and the upper and lower edges of the layers were defined by a 3 dB decrease from the maximum amplitude. Due to the 600 m limit in data analysis combined with the 100 m vertical filtering, the minimum depth of the upper edges of SSLs was limited to 60 m and the maximum depth of the lower edges of DSLs to 550 m. Frequency response of each layer type was determined by taking the difference of the detected layer integrated over the area between the upper and lower edges at 38 and 70 kHz. Nautical area scattering coefficient (NASC; m 2 nmi −2 ), which is a linear measure of integrated backscatter, was calculated over the area between the upper and lower edges of the detected layers. For intense layers, the frequency of occurrence was estimated by the percentage of pings identified as the intense layers along the entire transects, and patch size was estimated by calculating the horizontal distance of continuously observed intense layers.
To determine possible effects of sampling areas and zones, observed layer characteristics including depth of layer peak, upper-and lower-edge depths, layer peak S v , frequency differences, and NASC values were averaged over the transects within each sampling zone. Statistical differences in the layer characteristics between sampling areas and zones were tested for using a Mann-Whitney U-test and a Kruskal-Wallis test, respectively. Spatial variability of intense layers was further characterized in terms of their frequency of occurrence, strength, layer thickness, and horizontal scales. Due to the shortening of the available data sets to avoid diel vertical migration periods, only transects having more than 50% of the original length were considered here. The entire length of transects in each sampling zone was combined for the cumulative distribution function.
Net samples
DSLs detected by the echosounders were sampled with an Isaacs-Kidd midwater trawl (4 m 2 mouth opening) fitted with 1 mm mesh in the cod end towed at a vessel speed of ~4 knots (2.1 m s −1 ). A total of 20 tows were conducted during daytime with 4 tows per sampling zone. The target depth of each tow was selected to sample high concentrations of acoustic backscatter. Trawl depth was monitored and directed using a real-time remote pressure sensor (PI32; Kongsberg Maritime) attached to the headrope of the net. The net was towed horizontally at a depth of 350−600 m, depending on the DSL depth, for a total duration of 25 min and then hauled back at a rate of 50 m of wire per minute. The net, which was dark in color, towed at relatively high speeds, and with minimal hardware to create a head wake, effectively sampled organisms with body lengths between 1 and 35 cm. With the exception of gelatinous organisms, which were classified and discarded on board, net samples were immediately preserved in 4% formalin in seawater buffered with sodium borate. Since neither acoustics nor trawls quantitatively sample fragile gelatinous organisms (Davison et al. 2015) , their contributions to the DSLs were not examined here. In the laboratory, all of the net contents were identified to species under a dissecting microscope, and a subsample of each species (up to 30 individuals) was measured for animal length. Fish were measured for standard length, while euphausiids and shrimps were measured from the posterior base of the eye stalk to the end of the last abdominal segment (Standard Length 3 in Mauchline 1980a, as cited by Ashjian et al. 2004) . Total body length along the longest axis was measured for all other zooplankton taxa. All samples were standardized by the filtered volume estimated based on the average vessel speed during the tow at the target depth, duration of the tow, and the mouth opening of the trawl. Density of zooplankton and fish were assessed as a function of targeted layer types and sampling areas using a non-parametric multivariate analysis of variance (MANOVA; Anderson 2001). Statistical differences in density and length of abundant taxonomic groups (bristlemouth larvae, other fish, euphausiids, Oplo -phorus sp., other shrimps, pteropods) between targeted layer types and sampling areas were tested for using a Mann-Whitney U-test. Because the net tows were collected within diffuse layers, intense layers, or both layers, only net samples collected within diffuse (n = 8) or intense layers (n = 3) were used to examine the effect of layer types.
RESULTS
Environmental conditions
Salinity profiles differed between Abaco and TOTO (Fig. 3) , while temperature, density, and oxygen profiles were very similar across the sampling zones. Salinity profiles off Abaco were relatively consistent at 36.5−36.7 at upper 370 m and gradually decreased to 35.7 at 600 m. In TOTO, salinity in the surface mixed layer located at upper 50 m was 36.7, increasing to a maximum of 37 at 100−200 m then gradually decreasing to 35.7 at 600 m. Temperature at both areas was approximately 29ºC in the surface mixed layers and gradually decreased to about 13ºC at 600 m. Density, more sensitive to changes in temperature than salinity, largely mirrored the temperature patterns. Oxygen was 6.3 mg l −1 at the surface and gradually increased to 8. ) were significantly higher than those in TOTO (22.9 ± 3.7 mg m −2 , p = 0.003), while there was no significant effect of sampling zone within TOTO (df = 3, χ 2 = 4.88, p = 0.18).
Scattering layer characteristics
There were 2 types of layer structures observed in the Bahamian ecosystem. Diffuse layers were a common structure observed in all samp ling zones, within both SSLs and DSLs, and during both day and night (Fig. 4) . Intense layers, on the other hand, showed spatial variability. In TOTO, intense layers were occasionally observed within DSLs during daytime and migrated to a shallower depth at night. In Abaco, few intense layers were present within SSLs during the day and night, while no intense layer was observed within DSLs. Daytime DSLs were characterized using both acoustics and direct net sampling, while other scattering layers were only ob served by acoustics.
Diffuse vs. intense layers
To examine the differences between diffuse and intense layers, we characterized the daytime DSLs where simultaneous sampling of acoustics and net tows was available. Diffuse layers in Abaco and TOTO began at an average of 432 m depth and continued at least to the range limit of the ship-based acoustic observations (Fig. 4) . Intense layers were only observed within TOTO, located just below the upper edges of the diffuse layers, maintaining their depths within the diffuse layers (y = 1.06x + 0.84, where x is upper-edge depth of diffuse layers and y is layer peak depth of intense layers, r 2 = 0.79, number of data points = 27 112). Layer thickness of intense layers was similar across the sampling zones with the average values ranging between 18.3 and 22.4 m. Diffuse and intense layers have distinct acoustic charac- teristics where diffuse layers were characterized by weaker peak S v and lower ΔS v 38−70 kHz than those in intense layers (Fig. 5) . These acoustic characteristics corresponded to the differences in taxonomic group compositions of the 2 layer types. There was a significant effect of layer type on the density of abundant taxonomic groups (Table 1) . Density of swimbladderbearing bristlemouth fish larvae was significantly higher in the intense layers (p < 0.05), while the density of euphausiids was higher in the diffuse layers (p = 0.01; Fig. 6 ). There was no significant effect of layer type on the density of other fish, Oplophorus sp., other shrimps, pteropods (Fig. 6) , and length of all taxonomic groups (p > 0.3 for all comparisons).
Diffuse layers: Abaco vs. TOTO To examine differences in diffuse layers between sampling areas (Abaco vs. TOTO), we focused on characterizing the daytime DSLs using both acoustics Lower edges of the diffuse layer were the same across all sampling zones due to the analysis limit. Acoustic characteristics showed that diffuse layers in Abaco were ~3 dB lower in peak S v values and 3.5 dB lower in ΔS v 38−70 kHz values than those observed in TOTO (Fig. 5 ). These acoustic characteristics corresponded to the size differences of major taxonomic groups comprising these layers. Length of other fish (e.g. myctophids, hachetfish, pufferfish), Oplophorus sp., and pteropods was significantly larger in Abaco than in TOTO (p = 0.03; Fig. 7 ). There was no significant effect of sampling area on length of bristlemouth larvae, euphausiids, and other shrimps (p > 0.2 for all comparisons; Fig. 7) , and density of all taxonomic groups (Table 1) . Daytime NASC values integrated between the upper and lower edges of the diffuse layers were significantly higher in TOTO than in Abaco ( Fig. 8a ; p < 0.001). Diffuse layers within DSLs were partially shifted toward shallower depths at night, resulting in deepening of the upper-edge and layer peak depths of the DSLs at all sampling zones relative to the daytime depths (Fig. 4) Intense layers: variability within TOTO
To examine the differences in intense layers between sampling zones, we focused on characterizing the intense layers located in DSLs during daytime and in SSLs at night within TOTO as these layers were inconsistently present in Abaco. In daytime DSLs, the frequency response of the intense layers was similar across the sampling zones ( Fig. 5 ; df = 3, χ 2 = 2.78, p = 0.43). Due to the small number of net tows that successfully targeted the intense layers (n = 3), no statistical test was conducted to examine the effect of the sampling zone on the density and length of the taxonomic groups comprising these scattering layers.
Although the average characteristics of the intense layers were similar across the sampling zones, we observed spatial variability in the intense layers in terms of (1) frequency of occurrence, (2) layer strength, (3) layer thickness, and (4) patch size or horizontal extent (Fig. 9) . Frequency of occurrence of intense layers in daytime DSLs varied between sampling zones: 16.2% in the North, 63.9% in the West, 47.6% in the East, and 34.1% in the South. Occurrence of high NASC values greatly differed within TOTO, with only 5% of the data exhibiting NASC >10 000 m 2 nmi −2 in the North, while ~20% in the West, East, and South zones (Fig. 10a) . Layer thickness varied between sampling zones, with 2.5% of the data exhibiting a layer thickness greater than 30 m in the West, while ~12−14% in the North, East, and South zones (Fig. 10b) . Lastly, occurrence of the large patch differed within TOTO, with only 2.1% of the data exhibiting horizontal patch size > 500 m in the North, while 6−7% in the West, East, and South zones (Fig. 10c) .
At night, intense layers located within the DSLs were shifted toward shallower depths in all sampling zones. Spatial variability in NASC showed similar patterns during day and night, but the NASC values at night were much lower than those during daytime. Frequency of occurrence of intense layers in night SSLs was 16.5% in the North, 25.0% in the West, 52.3% in the East, and 39.2% in the South zones. Occurrence of high NASC values (> 5000 m 2 nmi -2 ) was 3% in the North, while it was ~11−13% in the West, East, and South zones, maintaining patterns similar to those observed during daytime. Layers greater than 30 m in thickness occurred 7% of the time in the West zone and only ~2−3% in the North, East, and South zones. Occurrence of patch size greater than 500 m was less than 1% in all sampling zones.
In summary, intense layers within the daytime DSLs showed significant differences between sampling zones within TOTO. The North zone was characterized by the lowest occurrence of intense layers, dominated by weaker NASC values and smaller patch sizes compared to the West, East, and South zones. The West zone was distinctively different from the East and South zones with the highest occurrence of an intense layer that was typically thinner. At night in SSLs, intense layer structures were less common and weaker, thinner layers and smaller patch sizes dominated, making the differences in intense layers between sampling zones less distinct. 
DISCUSSION
We assessed the spatial variability of DSLs in the mesopelagic ecosystem off the Bahamas by examining 2 types of layer structures: diffuse, broad layers (>100 m in thickness) and distinctively bounded intense layers (~20 m in thickness). Diffuse layers were observed in all sampling zones with some portions of the layers migrating to shallower depth at night, while intense layers were only observed with in TOTO where the entire intense layer migrated upwards at night. Trawl catches of both types of layers observed in daytime DSLs were composed of zooplankton and mesopelagic fishes, with bristlemouth larvae, euphausiids, and Oplophorus sp. being the dominant taxonomic groups. These animals feed on phytoplankton, small zooplankton, and detritus (Mauch line 1980b, Karuppasamy & Menon 2004 , Bernal et al. 2015 and are common prey for the large mesopelagic fishes and cephalopods (Nigma tullin et al. 2001 , Choy et al. 2013 ) that are primary prey for the Blainville's beaked whales (Santos et al. 2001 , Hickmott 2005 . The constant frequency res ponse throughout the day and coherent movement of these layers support the conclusion that species composition within each layer type remained the same between day and night despite the lack of trawl information at night. Since the dominant animals found in daytime DSLs are known to conduct nocturnal migrations towards the epi pelagic layers to feed, they could function as vehicles for energy transport between primary production found near the surface and higher trophic levels found at depth (Benoit-Bird & Au 2004 , Sato et al. 2013 , Cohen & Forward 2016 . It is, however, possible that organisms larger than those captured by the trawl were the primary constituents of the DSLs observed. Frame trawls, including the Isaacs-Kidd midwater trawl, were designed to sample mesopelagic organisms that avoid plankton nets (Isaacs & Kidd 1953 , Methot 1986 ) and have been shown to be effective at collecting samples from the DSLs dominated by shrimps, euphausiids, squids, and myctophids (Karuppasamy et al. 2006 , Podeswa & Pakhomov 2015 . However, given the size limitations imposed by the sampling vessel, the trawl used was relatively small, increasing the difficulty in catching fast-swimming organisms due to their net avoidance behavior (Kaartvedt et al. 2012 , Davison et al. 2015 .
Energy content is an important measure of food quality, affecting efficiency of energy transfer through food webs. We compared the diffuse layer characteristics, which were a common layer type observed across the study region, to address the energy transfer between primary producers and mesopelagic organisms. Significantly higher primary production combined with larger Oplophorus sp., other fish, and pteropods composing diffuse layers in Abaco compared to TOTO (Fig. 7 ) suggests higher energy content in Abaco, thus increasing potential energy transfer across the trophic levels. Importance of the size of mesopelagic organisms in determining the energy content is further supported by the insignificant difference in their density between the 2 sampling areas (Table 1) . Diel vertical migration is an important component of the biological pump, where the increase in migration biomass and feeding rate near the surface at night have led to a significant increase in active transport of carbon (Hannides et al. 2009 , Steinberg et al. 2012 , Podeswa & Pakhomov 2015 . Thus, migration biomass and distance affect the amount of energy transferred and its magnitude, likely playing an important role in controlling ecosystem function. In Abaco, the significant increase in integrated acoustic scattering measured at night relative to that measured during daytime at shallower depths, with no difference in those values for the DSLs between day and night, suggests that migrating organisms originated deeper than the 550 m range limit of our observations. Therefore, significantly lower integrated acoustic scattering of DSLs in Abaco than in TOTO is likely due to the deepening of the DSLs in Abaco, and does not necessarily indicate lower biomass. In TOTO, on the other hand, the majority of migrating organisms likely originated from the observed DSLs based on the consistent decrease in integrated acoustic scattering of DSLs at night combined with an increase in that measured at shallower depths at night. Size-dependent predation risk (De Robertis et al. 2000) might be a potential driver for the deeper positioning of the DSLs in Abaco than in TOTO, given the significantly larger sizes of some taxa in Abaco than in TOTO (Fig. 7) . Greater migration distances and biomass of diffuse layers observed in Abaco indicate stronger coupling between productive surface waters and the deep sea in Abaco than in TOTO. Differences in diffuse layer characteristics between Abaco and TOTO suggest that the amount of energy transferred be tween surface primary production and mesopelagic communities in deep water is larger in Abaco, potentially leading to the relatively high reproductive success observed for the beaked whales in Abaco (Claridge 2013 ) through bottom-up control.
One of the potential mechanisms contributing to the observed differences in ecosystem structure is the difference in physical processes between Abaco and TOTO as indicated by the T−S diagram of the upper 300 m (Fig. 3) . General characteristics of higher salinity associated with high temperature in the upper water column are due to high evaporation rates and solar heating during summer months in the Bahamas (Armstrong 1953 , Wilson & Roberts 1995 . Loss of moisture from the ocean surface combined with increasing temperature generates density instabilities. In the open ocean, such instabilities are freely re-equilibrated by large-scale oceanographic circulations involving vertical and lateral flow. This mechanism likely applies to Abaco located in Northwest Providence Channel, where maximum current velocities of ~20 cm s −1 were observed (Leaman et al. 1995) . Within TOTO, equilibration is less likely because the basin is bounded on 2 sides by very shallow waters, making it less susceptible to large-scale physical processes which result in maintenance of the high-salinity water mass. Differences in physical processes in the upper water column may contribute to higher primary production in Abaco than TOTO. The presence of intense layers within DSLs in TOTO, but not in Abaco, was also one of the fundamental differences between the 2 ecosystems, which may also be regulated by physical processes.
The spatial variability of intense layers may play a critical role in determining the amount of energy transferred to higher trophic levels (Benoit-Bird & McManus 2012) . Diel vertical migration of entire intense layers in TOTO suggests their importance in transferring energy from surface productive waters to the deep sea in this semi-enclosed ecosystem. We compared the heterogeneity of intense layers within TOTO to examine their effect on predator−prey dynamics between mesopelagic organisms and their predators. The midwaters of the West, East, and South zones are more energy-rich environments than the North zone, because of the frequent occurrence of strong, intense layers and large patches in the daytime DSLs. The West zone is further characterized by the highest occurrence and concentration of energy into thinner layers compared to the East and South zones. Hazen et al. (2011) observed higher S v 38 kHz values in daytime DSLs in the West than in the East zones. This is consistent with our observations, as intense layers dominate integrated acoustic measurements. These characteristics of patchiness may be important factors regulating foraging behavior of their predators including mesopelagic fishes and cephalopods, increasing the efficiency of foraging (Benoit-Bird & McManus 2012 , Benoit-Bird et al. 2013 .
Heterogeneity of scattering layers has been recognized as an important mechanism for driving predator−prey dynamics in the ocean. Both physical processes and animal behavior contribute to the formation and maintenance of patchiness. Physical forcing structures the distribution of planktonic organ-isms (Steele 1976 , Denman & Powell 1984 and ultimately influences their predator distributions including zooplanktivorous fishes and seabirds (Kotliar & Wiens 1990 , Bertrand et al. 2014 . Biological mechanisms can further magnify or modify physically induced spatial structures. Benoit-Bird & Au (2003a,b) showed that multiple scales of patchiness of scattering layers dominated by micronekton can be a result of cooperative foraging behavior of their highlymobile marine mammal predators, altering the geometric and density characteristics of DSLs. In this study, the underlying mechanism driving the finescale variability of the intense layers remains unresolved. To develop an understanding of the relative importance of physical and biological forcing on structuring patchiness will require simultaneous measurements of physical characteristics within TOTO along with observations of the behavior of predator and prey.
Trophic levels connecting primary producers and top predators likely play a critical role in shaping the Bahamian ecosystem. While there were similar fluorescence values across TOTO, the high spatial variability in habitat usage by beaked whales in this region has been observed (McCarthy et al. 2011 , Tyack et al. 2011 , Claridge 2013 ). This study focused on the spatial variability of DSLs as they serve as a link between surface primary production and the deepwater fishes and cephalopods that serve as prey for beaked whales. A missing link in describing these food webs, however, is direct observations of the beaked whales' prey. Beaked whales forage at depths exceeding 800 m (Baird et al. 2006 , Tyack et al. 2006 , which is beyond the sampling limit of our ship-based acoustic observations. A recent study using an autonomous underwater vehicle equipped with echosounders has shown that heterogeneity of deepwater prey (> 600 m) plays an important role in controlling preference for a different species of beaked whale off southern California, USA (BenoitBird et al. 2016) ; similar sampling was conducted as part of this effort and will extend our understanding of this study site in future analyses.
We observed that the spatial variability of the layer structures shaped the Bahamian mesopelagic ecosystem, potentially driving the variability of habitat use by top predators through their food resources. We suggest 2 potential mechanisms driving the Bahamian mesopelagic ecosystem by comparing common layer types observed within the sampling areas and zones. Differences between Abaco and TOTO were examined based on diffuse layer characteristics, focusing on the energy transfer between primary producers and mesopelagic organisms. The oceanographically connected habitat, Abaco, was characterized by diffuse layers made up of larger animals with greater migration distances and higher migrating biomass than TOTO, an oceanographically isolated habitat. Based on these observations, we hypothesize that Abaco may transfer more energy between energy-rich surface waters and the deep sea. The differences within TOTO were examined based on the heterogeneity of intense layers, focusing on their effect on predator− prey dynamics be tween mesopelagic organisms and their predators. The West, East, and South zones were more energy-rich ecosystems than the North zone based on the spatial variability in intense layers. Among those identified as energy-rich ecosystems, the habitat most frequently used by the beaked whales, the West zone, was characterized by the highest occurrence of intense, relatively thinner layers. Predators would benefit from consistently high biomass concentrated into a small space, increasing the efficiency of foraging (e.g. Benoit-Bird et al. 2013) . Spatial variability of DSL structures and migration behavior reveals the dynamics of the Bahamian mesopelagic ecosystem, potentially driving the beaked whales' prey, and ultimately, the beaked whales themselves, through bottom-up control. 
